The aim of this in vitro study was to compare the cyclic fatigue resistance of three single-use nickel-titanium (NiTi) instruments (One Shape, Reciproc and Wave One) after immersion in sodium hypochlorite (NaOCl) solution over several time periods. A total of 135 One Shape, Reciproc R25 and Wave One Primary were tested. The 45 files of the same brand were randomly assigned to three groups (n = 15) and submitted to the following immersion protocol: 1 minute in 5% NaOCl at 37ºC, 5 minutes in 5% NaOCl at 37ºC, no immersion (as control). Cyclic fatigue test was performed rotating/reciprocating all instruments in a stainless steel curved artificial canal (60º angle of curvature and 5 mm radius). The number of cycles to fracture (NCF) was determined by measuring the time to fracture. The data were compared for differences by using 2-way analysis of variance (p < 0.05). In general, resistance to cyclic fatigue was not significantly affected by immersion in NaOCl. Reciproc R2 showed the highest cyclic fatigue resistance in all groups compared to One Shape and Wave One. Immersion in NaOCl for 1 or 5 minutes did not reduce the cyclic fatigue resistance of NiTi single-use instruments significantly. Reciproc were more resistant, but the new rotary single-use One Shape instruments showed mechanical resistance similar to NiTi files developed for reciprocating motion.
INTRODUCTION
Nickel-titanium (NiTi) instruments are commonly used for shaping the root canal system in endodontic practice today. 1 They are more flexible and have increased cutting efficiency than conventional stainless steel files.
2, 3 The superelasticity of NiTi rotary files allows the clinicians to produce the desirable tapered root canal form with a reduced tendency to canal transportation. [2] [3] [4] Despite these advantages, NiTi instruments appear to have a high risk of separation, 5, 6 mainly because of fatigue and torsional shear stresses. [7] [8] [9] [10] Many variables, such as the operational speed, the metal surface treatment and the metallurgic characterization of the NiTi alloys that could possibly influence the fatigue resistance of NiTi rotary files have been investigated. 11 Canal curvature is suspected to be the predominant risk factor for instrument failure because of flexural stresses and cyclic fatigue. 2, 12, 13 One additional factor potentially limiting resistance to fatigue fracture is corrosion that may occur in the presence of NaOCl solution. 14 The use of NaOCl to irrigate root canals is currently the gold standard to achieve tissue dissolution and disinfection. 15 However, NaOCl does have several disadvantages, as it can bleach clothing, damage eyes in case of contact, cause periapical tissue necrosis when inadvertently injected beyond the apical foramen and create corrosion of surgical instruments. 16, 17 NiTi instruments come into contact with NaOCl during disinfection 18 or when the solution is present in the pulp chamber and root canal during instrumentation.
19
The corrosion patterns, involving selective removal of nickel from the surface, can create micropitting that weakens the structure of the instrument.
20,21
The clinician can do very little to prevent or reduce such stresses. 10 In the last years, the reciprocating motion of the NiTi rotary instrument has been shown to decrease the impact of cyclic fatigue compared with rotational motion.
9,22,23
Therefore, it has been recently proposed that the single-file shaping technique may simplify instrumentation protocols and avoid the risk of cross-contamination. 10 Moreover, the use of only one NiTi instrument is more cost-effective, and the learning curve is considerably reduced.
22
To improve fracture resistance, use of endodontic files in a reciprocating motion, along with new alloys, and new manufacturing processes have been introduced recently.
11,24
M-wire is a NiTi alloy prepared by a special thermal process that is claimed to increase flexibility and resistance to cyclic fatigue. 25 Reciprocation was shown to extend the life-span of a NiTi instrument, hence resistance to fatigue, in comparison with continuous rotation.
Recently, two M-wire NiTi endodontic file systems were introduced for use in reciprocating motion: Reciproc (VDW, Munich, Germany) and Wave One (Dentsply Maillefer, Ballaigues, Switzerland). 26 To date, these instruments are sold as a single use instrument, avoiding metal weakening through prolonged clinical use; however, single use means that the same instrument can be used in 3 to 4 root canals, which could be complex and tortuous. 27 The reciprocating working motion consists of a counterclockwise (cutting direction) and a clockwise motion (release of the instrument), while the angle of the counterclockwise cutting direction is greater than the angle of the reverse direction. Due to the fact that the counterclockwise angle is greater than the clockwise one, it is claimed that the instrument continuously progresses toward the terminus of the root canal. Both instruments have been evaluated in preliminary studies 22, 23, 26, [28] [29] [30] [31] [32] and the results regarding lifespan, cyclic fatigue resistance, shaping ability and cleaning efficiency were satisfactory.
A new concept of single-file instrumentation is that a single instrument is to be used in a full clockwise rotation. One Shape (Micro Mega, Besancon, France) belong to this group of single-file systems. The One Shape system consists of only one instrument, which has a tip size of 25 and a constant taper of 0.06, and is characterized by different cross-sectional designs over the entire length of the working part. This instrument is made of a conventional austenite 55-NiTi alloy. In the tip region, the cross-section represents three cutting edges while in the middle of the cross-sectional design progressively changes from a three-cutting-edge design to two cutting edges. At the shank, the S-shaped cross-section shows two cutting edges, resembling the cross-sectional design of Reciproc instruments. Moreover, One Shape instruments have variable pitch length along the working part. This design is alleged to eliminate threading and binding of the instrument in continuous rotation. 29 One
Shape instruments are used in continuous clockwise rotation. As recommended by the manufacturers, the rotational speed for One Shape is 350 to 450 rpm and the torque setting should be 4 Ncm. Several authors have studied the corrosive effect of NaOCl on traditional endodontic NiTi instruments. [33] [34] [35] Some authors have studied cyclic fatigue resistance of new reciprocating NiTi instruments after exposure to NaOCl.
36
The aim of this study was to assess resistance to cyclic fatigue of three single-use NiTi files (One Shape, Reciproc and Wave One) after immersion in NaOCl solutions for times that reflect those used in clinical practice. The null hypothesis test that there are differences in the cyclic fatigue resistance between the instruments immersed and those ones not immersed in NaOCl solutions.
MATERIALS AND METHODS
Three brands of single-use NiTi instruments were tested, two reciprocating files and a new rotary file. A total of 135 new NiTi instruments was used: 45 One Shape (Micro Mega, Besancon, France), 45 Reciproc R25 (VDW, Munich, Germany), 45 Wave One Primary (Dentsply Maillefer, Ballaigues, Switzerland (Table 1) .
Each instrument was inspected for defects or deformities before the experiment with a stereo zoom microscope, and none were discarded. The 45 files of the same brand, all from the same production lot, were randomly assigned to three different groups of 15 each:
Group 1: Instruments were dynamically immersed in 5% NaOCl (Niclor; OGNA Laboratory, Muggiò, Milan, Italy) at 37ºC for 16 mm for 1 minutes.
Group 2: Instruments were dynamically immersed in 5% NaOCl (Niclor; OGNA Laboratory, Muggiò, Milan, Italy) at 37ºC for 16 mm for 5 minutes.
Group 3: Instruments not immersed in 5% NaOCl (control).
According to Pedullà et al protocol 36 for dynamic immersion, the endodontic instruments were rotated/ reciprocated respecting manufacturers' settings in small glass containers with the amount of the NaOCl solution necessary to contact 16 mm of the instruments length. One Shape was mounted on the Endo Mate DT motor (NSK, Kanuma, Japan) set to 350 rpm and a 2 N/cm torque with a 16:1 contra-angle in clockwise rotation. Reciproc R25 was mounted on the dedicated reciprocating motor (Silver Reciproc, VDW) used with the manufacturer configuration setup (at the preset program 'Reciproc ALL' specific to the Reciproc instruments). Wave One Primary was mounted on the dedicated reciprocating motor (Silver Reciproc, VDW) used with the manufacturer configuration setup (at the preset program 'Wave One ALL' specific to the Wave One instruments). Immediately after removal from the solutions, all files were rinsed in bi-distilled water to neutralize the effect of NaOCl, dried and stored in glass vials. Instruments of all 
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three groups of each brand were then subjected to cyclic fatigue testing using a mechanical device specifically developed for the purpose that allowed a reproducible simulation of an instrument confined in a curved canal.
32
The apparatus was connected to the same motors set with the same programs used for the dynamic immersion. In this way, the endodontic instruments were able to rotate/reciprocate freely within a tempered stainless steel artificial canal at a constant pressure. The artificial canal was manufactured by reproducing an instrument's size and taper. It provided the instrument with a suitable simulated root canal with a 60º angle of curvature and 5 mm radius of curvature measured according to the method of Schneider. 37 The centre of the curvature was 6 mm from the tip of the instrument, and the curved segment of the canal was approximately 6 mm in length. The diameter of the simulated canals is higher than the instruments, allowing free rotation. To reduce friction as the instruments contacted the metal canal walls, lubricant oil filled the canal space after each use. Each instrument was allowed to rotate/reciprocate with spontaneous pecking movement until fracture. The time to fracture was recorded visually with a 1/100-s chronometer and timing was stopped as fracture is detected visually and/or audibly. The number of cycles to fracture (NCF) was calculated by multiplying the time (seconds) to fracture by the number of rotations or cycles per second, regardless of the rotation direction. Note: the manufacturers claim that the reciproc mode has 300 rpm and Wave One mode has 350 rpm.
27
Data were analyzed by using 2-way analysis of variance in software (SPSS 15.0, Chicago, IL). Post-hoc Bonferroni test was applied to identify the groups that were significantly different from others. Statistical significance was set at p-value less than 5%.
RESULTS
The NCF's means for each file in each group are presented in Table 2 . The Figure 1 presents the means and the standard deviations for each instrument type in each of the three groups. A higher NCF is caused by a higher resistance to cyclic fatigue of the tested instruments.
The 2-way analysis of variance showed the absence of a statistically significant difference among the NCF's means of the instruments when used in association with sodium hypochlorite solutions (p > 0.05). R 25 had the best fatigue resistance in groups 1, 2 and 3 (p < 0.05). Wave one and OS had similar cyclic fatigue resistance values in all the groups (p > 0.05).
DISCUSSION
The three instruments used in the present study were selected, because they are to date the only commercially available instruments designed for single-use. Nickel-titanium rotary files have become a standard tool to shape root canals, but they tend to unexpectedly break because of cyclic fatigue, which is induced by the alternating tension-compression cycles to which they are subjected when flexed in the maximum curvature region of the canal and rotated. 6 
22-24,28
The use of a single NiTi instrument is likely to be more cost-effective than the conventional multifile NiTi rotary systems and the learning curve is considerably reduced as a result of technique simplification and reduction of the endodontic instruments. 27 The new single-use systems have been introduced to shape root canals with only one file: this technique simplification allows saving time and cost for endodontic treatment. 31 However, to shape root canals with only one file, the instrument will be subject to a great deal of stresses, both torsional and cyclic (bending) fatigue. This instrument is not used for further canals and not requires thermal sterilization in autoclave, so it will be not exposed to other stresses. The aim of this study was to evaluate and compare the cyclic fatigue resistance of three new different single-use NiTi endodontic instruments in four artificial canals after immersion in NaOCl solutions for different times.
According to Pedullà et al 36 all instruments were dynamically immersed in 5% NaOCl solution for 1 or 5 minutes and then subjected to cyclic fatigue testing using a simulated root canal with 60º angle of curvature and 5 mm radius of curvature. The same reciprocating motions 'Reciproc ALL' or 'Wave One ALL' were used for the cyclic fatigue tests and the previous dynamic immersion in 5% NaOCl solution for 1 or 5 minutes of Reciproc R25 and Wave One Primary, respectively. These two types of preset reciprocating motions have different angles of rotation and velocities. Manufacturers claim a rotation of 150º counterclockwise (CCW) and 30º clockwise (CW) with an approximate velocity of 300 rpm for 'Reciproc ALL' mode, while a rotation of 170º CCW and 50º CW with an approximate velocity of 350 rpm is claimed for 'Wave One ALL' mode 26. One Shape was mounted on a conventional engine with speed set at 350 rpm for previous dynamic immersion and then for testing into the artificial canal. Reciproc and Wave One reciprocating file systems are made of the same innovative M-wire NiTi alloy but have different cross-sections, S-shape and concave triangular shape for Reciproc and Wave One respectively. 26 It was reported that the larger cross-sectional area would have a higher flexural and torsional stiffness, and thus the file design (cross-sectional shape, diameters of core, etc.) would have a significant influence on the torsional and bending (hence, fatigue) resistance. 26 Instruments made from M-wire or R-phase NiTi was reported to offer greater flexibility and resistance to cyclic fatigue than the files from traditional alloys. 23, 27 Kim et al 26 assessed the cyclic fatigue resistance and torsional resistance of two reciprocating motion systems, Reciproc R25 and Wave One Primary file, compared with ProTaper F2 in a continuous rotation. The results showed that both reciprocating files demonstrated higher cyclic fatigue and torsional resistance than ProTaper. This would explain why Wave One Primary exhibited higher fatigue resistance despite its cross-sectional shape and area both being similar to ProTaper. They observed higher cyclic fatigue but lower torsional resistance in Reciproc than Wave One. It implies that Reciproc R25 possesses lower flexural stiffness and smaller polar moment of inertia than Wave One. In other words, Wave One had a higher torsional stiffness than Reciproc. In this study, Reciproc R25 exhibited significantly higher cyclic fatigue resistance than other instruments in all canals, probably because of the NiTi alloy, the instrument geometry and the reciprocating movement: all single-use instruments NiTi files were more resistant than traditional rotary instrument used as control. One Shape is made by the conventional austenite 55-NiTi alloy, but the design is really innovative. One Shape is characterized by different cross-sectional designs over the entire length of the working part: in the tip region, the cross-section represents three cutting edges while in the middle of the cross-sectional design progressively changes from a three-cutting-edge design to two cutting edges. At the shank, the S-shaped cross-section shows two cutting edges, resembling the cross-sectional design of Reciproc instruments. Moreover, One Shape instruments have variable pitch length along the working part. This design is alleged to eliminate threading and binding of the instrument in continuous rotation, in order to guarantee more flexibility.
29
In this study, One Shape instruments showed cyclic fatigue resistance similar to Wave One. Actually only two studies included the One Shape instruments. Burklein In this experimental conditions, reciprocating dynamic immersion in NaOCl for 1 or 5 minutes did not reduce significantly the cyclic fatigue resistance of reciprocating NiTi files. Significant differences were found between the different NiTi files. Reciproc R25 was more resistant to cyclic fatigue than Wave One Primary and One Shape. The results are in agreement with recent reports that showed a higher cyclic fatigue resistance for Reciproc than Wave One.
27,31
As these instruments have the same tip size (diameter at D0), apical taper and the same alloy, these differences are probably due to their different cross-sectional design.
No differences were found between Wave One Primary and One Shape. But no publications are available to date about cyclic fatigue of One Shape. A reciprocating motion may decrease the impact of cyclic fatigue on NiTi rotary instrument life compared with rotational motion. 43 But Oh et al 44 verified that the instrument design, particularly the crosssectional area (CSA), could also affect the fatigue behavior when subjected to torsion or bending. Sections with a larger CSA are more susceptible to fatigue fracture than smaller sections when rotating at the same curvature. Moreover, an electropolishing procedure has been attempted during the manufacturing process to reduce the number of machining defects and residual stress of ground NiTi rotary instruments: the grinding of file blanks during the manufacture of NiTi rotary instruments causes many machining defects. This procedure removes the outer layer of a metal, leaving the surface free of contaminants, microcracks, and workinduced residual stress. This means that the resistance to fatigue failure can be enhanced by a smooth defect-free surface. 44 Variable cross-section with small residual core and electropolished surfaces of One Shape could explain these good results.
Reciproc R25, thanks to their geometry, alloy and reciprocating motion exhibited the better results. One Shape rotary instruments seem to have mechanical resistance similar to Wave One NiTi files, even if not developed for reciprocating motion: this could be justified by the manufacturing process and the innovative geometry of this file with variable cross-section.
CONCLUSION
Immersion in NaOCl for 1 or 5 minutes did not reduce significantly the cyclic fatigue resistance of single-use NiTi instruments. The NCF of Reciproc R25 was greater than One Shape and Wave One Primary. One Shape Rotary file showed mechanical resistance similar to NiTi files developed for reciprocating motion.
